Abbreviations used in this paper: dpc, day postcoitum; ES, embryonic stem; FRT, Flp recognition target; IRES, internal ribosomal entry site; PNS, peripheral nervous system; PPD, paraphenylenediamine.
Introduction
Sox10 belongs to the group of HMG (high mobility group) domain-containing transcription factors (Wegner, 1999; Bowles et al., 2000) . During vertebrate development, it is highly expressed in the emerging neural crest and later in the developing peripheral nervous system (PNS) and central nervous system, where its occurrence is restricted to glial cells . Accordingly, loss of Sox10 in the mouse leads to decreased survival of early neural crest cells and additionally to defects in several neural crest-derived lineages Southard-Smith et al., 1998; Kapur, 1999; Britsch et al., 2001; Paratore et al., 2001; Kim et al., 2003) . These also become evident in patients with heterozygous SOX10 mutations as Waardenburg syndrome, Hirschsprung disease, peripheral neuropathies, or combinations thereof Inoue et al., 2004; Bondurand et al., 2007) .
In the developing PNS of Sox10-deficient mice, both neurons and glia are affected, but to different extents ). Whereas at least some neurons are formed, glia are not detected either in vivo or in vitro Paratore et al., 2001) . It follows that Sox10 is absolutely required for glial development in the PNS. This includes the development of satellite glia in peripheral ganglia, enteric glia in the gastrointestinal tract, and Schwann cells along nerves.
Schwann cell development has been particularly well studied in the past, and markers are available for all developmental stages (Jessen and Mirsky, 2005) . Bfabp (brain fatty acid-binding protein), for instance, is normally induced as M utations in the transcription factor SOX10 cause neurocristopathies, including WaardenburgHirschsprung syndrome and peripheral neuropathies in humans. This is partly attributed to a requirement for Sox10 in early neural crest for survival, maintenance of pluripotency, and specification to several cell lineages, including peripheral glia. As a consequence, peripheral glia are absent in Sox10-deficient mice. Intriguingly, Sox10 continues to be expressed in these cells after specification. To analyze glial functions after specification, we specifically deleted Sox10 in immature Schwann cells by conditional mutagenesis. Mutant mice died from peripheral neuropathy before the seventh postnatal week. Nerve alterations included a thinned perineurial sheath, increased lipid and collagen deposition, and a dramatically altered cellular composition. Nerve conduction was also grossly aberrant, and neither myelinating nor nonmyelinating Schwann cells formed. Instead, axons of different sizes remained unsorted in large bundles. Schwann cells failed to develop beyond the immature stage and were unable to maintain identity. Thus, our study identifies a novel cause for peripheral neuropathies in patients with SOX10 mutations. even after the specification event. Sox10 has indeed been found to activate peripheral myelin genes in tissue culture and to be bound to the responsible regulatory regions both in vitro and in vivo (Peirano et al., 2000; LeBlanc et al., 2007) . However, later functions of Sox10 cannot be verified and studied in the available mouse models of Sox10. Therefore, we generated an allele that allows cell type-specific and temporally controlled deletion of Sox10 and used this allele to prove an additional requirement for Sox10 during Schwann cell development at the immature Schwann cell stage.
Sox10 is required for

Results
Generation of mice with a floxed Sox10 allele
The mouse Sox10 gene is encoded by five exons, with the ORF being split among exons 3-5 ). To generate a Sox10 allele that is sensitive to the presence of Cre recombinase and will undergo Cre-dependent gene inactivation, we replaced the protein-coding information on exons 3-5 by a continuous ORF in such a way that its start codon was placed exactly at the Schwann cell precursors are specified from neural crest cells and represents the earliest glial marker . From the immature stage onwards, Schwann cells transiently express Sox2, an HMG domain transcription factor distantly related to Sox10 (Le et al., 2005) . Sox2 expression again extinguishes as Schwann cells undergo differentiation. For differentiation to myelinating Schwann cells, the transcription factor Oct6, which is indicative of the promyelinating stage, has to be induced first, followed by Krox20 expression and full-blown myelin gene expression (Topilko et al., 1994; Bermingham et al., 1996; Jaegle et al., 1996; Jessen and Mirsky, 2005) . From the fact that neither Bfabp nor ErbB3 as the earliest marker in the Schwann cell lineage are expressed in the developing PNS of Sox10-deficient mice, Sox10 appears already required for glial specification . However, even after specification, Sox10 continues to be expressed in PNS glia. As a consequence, Sox10 is not only present in Schwann cell precursors but also in immature and promyelinating Schwann cells and even persists in the myelinating and nonmyelinating Schwann cells of the adult PNS . This expression pattern argues for additional roles of Sox10 in peripheral glia fl/fl (fl/fl) mice digested with NcoI for use of the 5 probe and BamHI-ScaI for the 3 probe. The size of bands corresponding to the wild-type (6.6 kb for the 5 probe and 4.6 kb for the 3 probe) and the targeted alleles +/+ (wt) and Sox10 fl/fl (fl/fl) embryos at 12.5 dpc with primers recognizing a common sequence in both transcripts using quantitative LightCycler RT-PCR. Transcript levels in each sample were normalized to Rpl8. After normalization, transcript levels in the wild type were arbitrarily set to 1, and transcript levels in Sox10 fl/fl are expressed relative to wild-type levels ± SEM. Experiments were repeated twice with material from two independently obtained embryos for each genotype and age. Bars: (D) 1 mm; (E) 100 µm. Sox10 function in Schwann cell development • Finzsch et al.
of Sox10-positive nuclei along the nerve had dropped to 29% in the mutant compared with 73% in the wild type (Fig. 2 , H and J). At 18.5 dpc, only 4% of all nuclei along the mutant nerve were still Sox10 positive, whereas 70% continued to express Sox10 in the wild type (Fig. 2, I and J). We conclude position of the endogenous start codon in exon 3 (Fig. 1 A) . Additionally, loxP sequences were introduced immediately preceding and following the continuous Sox10 ORF. The 5 loxP sequence was placed in the hind part of intron 2 in sufficient distance to branch and splice acceptor site to avoid interference with the splicing of the altered allele. After successful homologous recombination of the targeting construct in embryonic stem (ES) cells, germline transmission, and removal of the neomycin selection cassette (Fig. 1, A and B) , both heterozygous and homozygous animals carrying the Sox10 fl allele were obtained in Mendelian ratios (Fig. 1 C and not depicted) . The additional introduction of an IRES (internal ribosomal entry site)-EGFP cassette furthermore allowed visualization of the unrecombined Sox10 fl allele by GFP autofluorescence (Fig. 1 D) . Fluorescence was lost upon Cre-mediated recombination, probably because the IRES-EGFP cassette is no longer correctly spliced to exon 2 (unpublished data).
Similar strategies have previously been used to replace Sox10 by other SoxE genes or mutant versions of Sox10. These genetic manipulations had not led to dramatic alterations of expression levels from the Sox10 locus Schreiner et al., 2007; Cossais et al., 2010) . Expression of the Sox10 fl allele was also comparable to the wild type, as evident from similar intensities of Sox10 immunoreactivity in age-matched embryos of both genotypes (Fig. 1 E) +/+ and Sox10 fl/fl mice so that both genotypes could be used interchangeably as wild-type control throughout this study.
Schwann cell-specific Sox10 deletion
To achieve specific Sox10 deletion in Schwann cells after the specification event, we combined the Sox10 fl allele with a Dhh::Cre transgene (Jaegle et al., 2003) . This Cre transgene selectively deleted in the Schwann cell lineage and started to be active around 12.5 d postcoitum (dpc) in the Schwann cell precursor stage (Fig. 2 A) . The resulting Sox10 fl/fl Dhh::Cre mice are referred to as Sox10 eSC mice throughout the manuscript. First, we determined the kinetics with which Sox10 disappeared from Schwann cells. Whereas Cre-dependent recombination of a Rosa26 stopfloxYFP allele had occurred in 70% of cells in the proximal spinal nerve at 13.5 dpc and was more or less complete at 14.5 dpc (Fig. 2 , B and C), Sox10 transcripts were still detected in normal amounts at 13.5 dpc (Fig. 2 D) . Residual amounts of Sox10 transcripts were still detectable at 14.5 dpc (Fig. 2 , E and F), indicating that Credependent recombination may be less efficient for the Sox10 fl allele than for the Rosa26 stopfloxYFP allele (Fig. 2 , E and F). Loss of Sox10 protein as the essential determinant for function took even longer. Sox10 was still expressed in 84% of all DAPIpositive nuclei along the spinal nerve in Sox10 eSC mice at 14.5 dpc. This is only slightly lower than the 90% observed in the wild type (Fig. 2, G and J) . At this stage, most glia along the spinal nerve have already entered the immature Schwann cell stage (Jessen and Mirsky, 2005) . By 16.5 dpc, the percentage (closed bars) embryos was quantified at 14.5, 16.5, and 18.5 dpc and is presented as mean ± SEM. At least 15 spinal nerves from two independent embryos were counted for both genotypes. Differences were statistically significant between wild type and Sox10 eSC mutant from 16.5 dpc onwards as determined by Student's t test (***, P ≤ 0.001). Bars, 50 µm.
dramatic after the third week, with Sox10 eSC mice being 52% lighter at P24 and 68% lighter at P32 than their wild-type littermates. Sox10 eSC mice looked increasingly runted, and locomotion progressively deteriorated. Symptoms included a shiverer-type tremor, an abnormal, straddled position of the hindlimbs, and poor motor coordination, resulting in an unsteady staggering gait. Even when care was taken that Sox10 eSC mice had continuous unlimited access to wet chow and drinking water, most succumbed to death during the fifth week. The few remaining survivors invariably died before the end of the seventh week.
Postnatal sciatic nerve development in Sox10
eSC mice
To study postnatal peripheral nerve development in more detail, we focused on the sciatic nerve. In contrast to the opaque wild-type sciatic nerve, the sciatic nerve of Sox10 eSC mice was translucent, appeared less well defined, and lacked the characteristic banded pattern (Fig. 4 B) . From the third week onwards, the mutant sciatic nerve was also significantly thinner, with a mean decrease in thickness by 22% at P24 and by 40% at P32, confirming the degenerative phenotype (Fig. 4 C) . As observed during late embryogenesis, widespread expression of Sox2 continued along the sciatic nerve in Sox10 eSC mice throughout the analyzed postnatal period, whereas only few cells along wild-type nerves were Sox2 positive (Fig. 4 , D-G; and not depicted). In contrast, Krox20 was only present in wild-type sciatic nerves but was missing from Sox10-deficient sciatic nerves (Fig. 4 , H-K; and not depicted). Neither immunohistochemistry nor in situ hybridization detected expression of the myelin genes Mpz and Mbp in sciatic nerves of Sox10 eSC mice (Fig. 4 , L-S; and not depicted). Paraphenylenediamine (PPD) staining confirmed the complete absence of myelin within the mutant sciatic nerve (Fig. 4 , T-W).
that inefficient recombination at the Sox10 locus and slow turnover of the Sox10 protein lead to a significant delay between the onset of Cre activity and the disappearance of Sox10. As a consequence, Sox10 protein is still present in immature Schwann cells before eventually being deleted during late embryogenesis.
Embryonic Schwann cell development in Sox10
As expected from the still widespread occurrence of Sox10 in peripheral nerves of Sox10 eSC embryos at 14.5 dpc, Schwann cell markers were similarly expressed in wild type and mutant (unpublished data). From 16.5 dpc onwards, differences between the two genotypes became apparent. Whereas Sox2 was down-regulated in Schwann cells along wild-type nerves, its expression continued at high levels in the mutant (Fig. 3 , A-D). Conversely, many Schwann cells had already entered the promyelinating stage at 16.5 dpc in the wild type and expressed Oct6, whereas Oct6 was not expressed in the mutant (Fig. 3, G and H) . This is not simply a delay, as Oct6 was still absent in the mutant at 18.5 dpc (Fig. 3, I and J). Up-regulation of Krox20 was also not observed at 18.5 dpc in the mutant nerve but was clearly visible in the wild type concomitant with the onset of myelination (Fig. 3, E and F) . Strong expression of myelin genes such as Mbp or Mpz remained restricted to the wild type (Fig. 3 , K and L; and not depicted). Thus, the marker gene pattern observed in Sox10 eSC embryos is consistent with Schwann cells not progressing beyond the immature stage.
Postnatal development of Sox10
Newborn Sox10 eSC mice were indistinguishable from their wild-type littermates but failed to thrive soon after birth. Already at postnatal day (P) 8, body weight was lower in Sox10 eSC than in wild-type pups (Fig. 4 A) . Weight differences were in the range of 15-25% in the first 2-2.5 wk but became more In mutant sciatic nerves, the number of cells (quantified as DAPIstained nuclei) was not decreased (Fig. 5 A) . Both in wild-type and mutant sciatic nerve, 220 nuclei were present, on average, per section at 18.5 dpc. Whereas this number increased only gradually to 460 in the wild type until P24, it reached already 560 at P8 in the mutant and increased, on average, to a constant level of 730 between P16 and P32. Thus, despite being thinner from P16 onwards, the mutant sciatic nerve contained significantly more cells than the wild type. This went along with significant increases in the number of proliferating cells in the sciatic nerve of Sox10 eSC mice, as
Altered nerve conduction in Sox10 eSC mice
In agreement with the lack of myelin, compound action potentials of sciatic nerves of 16-d-old Sox10 eSC mice lacked the fast component (20 m/s) that originates from conduction along myelinated fibers (Fig. 4 X) . Instead, action potentials along mutant sciatic nerves traveled in two compound waves with conduction velocities of 1.3 and 0.65 m/s (Fig. 4 Y) . None corresponded to the singular slow component in wild-type sciatic nerves, which exhibited a velocity of 0.56 m/s and is characteristic for nonmyelinated type C fibers, arguing that nonmyelinated fibers are affected as well. Furthermore, amplitudes were grossly reduced in the mutant. Thus, nerve conduction along the sciatic nerve is dramatically altered in Sox10 eSC mice. eSC (closed bars) mice was monitored at P8, P16, P24, and P32. Data are shown as means ± SEM (n ≥ 6 for each genotype). Statistically significant differences from wild-type controls were observed from P16 onwards (**, P ≤ 0.01; and ***, P ≤ 0.001 by Student's t test). (B) Macroscopic appearance of P32 sciatic nerves from wildtype (wt) and Sox10 eSC mice. (C) Sciatic nerve thickness was quantified for wild-type and Sox10 eSC mice at P8, P16, P24, and P32 by determining the area on proximal nerve sections. At least 20 sections from three mice were used per genotype for quantification. Data are presented as mean ± SEM. Differences were statistically significant between wild type and Sox10 eSC mutant from P8 onwards as determined by Student's t test (**, P ≤ 0.01; ***, P ≤ 0.001). (D-K) Immunohistochemistry was performed on sciatic nerve sections from wild-type (D, F, H, and J) and Sox10
eSC (E, G, I, and K) mice at P16 (D, E, H, and I) and P32 (F, G, J, and K) using antibodies directed against Sox2 (D-G) and Krox20 (H-K). their transiently increased proliferation is counteracted by increased apoptosis.
Other major cell types within the peripheral nerve include endothelial cells, pericytes, endoneurial fibroblasts, perineurial cells, and cells of the immune system. Immunohistochemistry with antibodies against Pecam revealed a strong increase in the number of cells (Fig. 7, A-D) . In the peripheral nerve, Pecam is expressed in several cell types (Berman et al., 1996) . However, 80-90% of the Pecam-positive cells were also labeled in wildtype and mutant nerve with antibodies directed against von Willebrand factor (Fig. 7, C and D) , identifying the majority as endothelial cells. This increase in endothelial cells was accompanied by a comparable increase in pericytes, as evident from immunohistochemistry with desmin antibodies (Fig. 7, E-H) . Pecam antibodies also stained the perineurial sheath in the wild type (Fig. 7 A) . It is unclear whether this staining is specific. However, its absence in the mutant (Fig. 7 B) is indicative of structural alterations in the perineurial sheath of nerves from Sox10 eSC mice (see next section). Perineurial cells were present in the mutant sciatic nerve, as transcript levels for the perineurial cell marker Occludin were comparable to the wild type (unpublished data). Unfortunately, we did not manage to visualize these cells directly, as none of the antibodies against the few available markers for this cell type worked in our hands. Similarly, there is no robust specific immunohistochemical marker for endoneurial fibroblasts. Using antibodies against Iba1, we detected a substantial increase in macrophages in the sciatic nerve of Sox10 eSC mice (Fig. 7, I and J). T lymphocytes were also significantly increased, as evident from anti-CD3 stainings (Fig. 7, K and L) .
By quantifying the immunohistochemical stainings, we determined the relative contribution of each cell type to the total cell population within wild-type and mutant sciatic nerve from P16 to P32. As evident from Fig. 7 (M-O) , not only endothelial cells, pericytes, macrophages, and T lymphocytes increased in number, but also the cells that were not labeled by any of the cell type-specific markers. These include perineurial cells and endoneurial fibroblast as well as some adipocytes in case of the mutant (see next section). Thus, cellular composition is severely altered in postnatal sciatic nerves of Sox10 eSC mice.
determined by Ki67 immunoreactivity (Fig. 5 B) . In the wildtype sciatic nerve, the number of Ki67-positive cells continuously decreased during the first postnatal weeks from a maximum of 50 cells per section at P8 to <7 from P16 onwards. In contrast, the mutant nerve contained 80 Ki67-positive cells at P8 and >50 at P16. A substantial decrease of Ki67-positive cells was not observed before P24 in the mutant sciatic, but even then, numbers remained higher than in the wild type (Fig. 5 B) . From P16 onwards, apoptotic cells as determined by TUNEL were also significantly increased in sciatic nerves of Sox10 eSC mice relative to the wild type (Fig. 5 C) . However, the absolute number of apoptotic cells per section remained fairly low. To find out whether Schwann cells increased in numbers, we quantified Sox2-positive cells in the sciatic nerves of Sox10 eSC mice. Their absolute number increased only slightly from P8 until P32 (Fig. 6 A) . As a consequence, the contribution of Sox2-positive cells to the total cell population remained <30% in the mutant sciatic nerve (Fig. 6 B) . Sox2 may not label all cells of the Schwann cell lineage in peripheral nerves of Sox10 eSC mice. Therefore, we performed lineage tracing elements by additionally introducing the Rosa26 stopfloxYFP allele into the Sox10 eSC mice. In these mice, YFP is expressed in all cells along the nerve that at one time expressed Dhh::Cre. The number of YFP-expressing cells along the peripheral nerve of Sox10 eSC mice did not significantly increase from P8 to P32 and closely matched the number of Sox2-expressing cells (Fig. 6 C) . Coimmunohistochemistry confirmed that the vast majority of YFP-expressing cells were also Sox2 positive and vice versa (Fig. 6, D-G) . Direct comparison of the proliferation rate of YFP-expressing cells with similarly YFPlabeled cells in the wild type revealed that it was significantly elevated in peripheral nerves of Sox10 eSC mice only at P16 (Fig. 6 H) . Furthermore, YFP-expressing cells accounted from P8 to P24 for a smaller fraction of the proliferating cells in the mutant than in the wild type (Fig. 6 I) . This argues that the Schwann cell lineage is not predominantly responsible for the increased cell numbers in the mutant sciatic nerves and that eSC sciatic nerves at P16, P24, and P32. For all quantifications, at least 20 sections from three mice were used per genotype. Data are presented as mean ± SEM. According to the Student's t test, differences were statistically significant between wild type and Sox10 eSC mutant as indicated (**, P ≤ 0.01; ***, P ≤ 0.001). Sox10 function in Schwann cell development • Finzsch et al.
Their increased protein synthesis likely contributes to the extra collagen and elastic fibers in Sox10
eSC mice. Compared with the thick and continuous basal lamina of wild-type Schwann cells (Fig. 8 E) , the basal lamina of Schwann cells in Sox10 eSC mice was considerably thinner and often incomplete (Fig. 8 F) . Axons in mutant sciatic nerves contained microtubules, neurofilaments, and mitochondria (Fig. 8 D) and showed no obvious differences in ultrastructure to wild-type axons (Fig. 8 C) . Signs of axonopathy were not observed in the mutant sciatic nerve, and motor neuron numbers in the ventral horn of the spinal cord were unaffected (unpublished data). The presence of adipocytes with lipid inclusions in sciatic nerves was unique to the mutant (Fig. 8 B, asterisks) . When compared with the wild type, the perineurial sheath was dramatically thinned (Fig. 8, G and H) .
Compared with P16, myelinated axons and Remak bundles in wild-type nerves were less tightly grouped together at P32 and separated by loose endoneural extracellular matrix (Fig. 9 A) . Both structures were still absent at P32 in mutant sciatic nerves, and the dense fibrillar extracellular matrix had expanded even further (Fig. 9 B) . Many axon bundles were no longer completely surrounded by a Schwann cell and its processes (Fig. 9 C, white arrows) but were in direct contact with collagen fibrils and elastic fibers in the surrounding extracellular matrix (Fig. 9 C, asterisk) . Several Schwann cells were observed in mutant sciatic nerves To define ultrastructural changes in mutant sciatic nerves, we performed electron microscopy at P16 and P32. In wild-type sciatic nerves, large-caliber axons were heavily myelinated at P16 (Fig. 8 A) . This was not the case in sciatic nerves of Sox10 eSC mice (Fig. 8 B) . Remak bundles, in which a nonmyelinating Schwann cell is associated with many small diameter axons and surrounds each and every axon with its membrane, were also present in wild-type nerves (Fig. 8 A, arrows) but missing in Sox10 eSC mice (Fig. 8 B) . Instead, large-and smallcaliber axons were tightly grouped together in mutant nerves and jointly surrounded by a single Schwann cell and its processes (Fig. 8 B) . Such a configuration is characteristic of the immature Schwann cell stage in which axonal sorting and establishment of a 1:1 ratio of Schwann cells with large diameter axons has not yet taken place (Jessen and Mirsky, 2005) . In mutant sciatic nerves, a dense layer of collagen and elastic fibers was present around each group of axons and associated Schwann cell (Fig. 8 D; for higher magnification of elastic fibers see Fig. 8 F) . This was again surrounded in an onion skin style by one or two layers of flat cells with long cytoplasmic processes (Fig. 8 D, black arrows) . Furthermore, a considerable number of Schwann cells in the mutant exhibited unusually high amounts of rough endoplasmic reticulum (Fig. 8 D, white arrows) and resembled fibroblasts in their appearance. eSC mutant as indicated (**, P ≤ 0.01; ***, P ≤ 0.001). Bars, 10 µm.
To obtain these results, we generated a conditional Sox10 allele and deleted it with a Dhh::Cre transgene. This transgene has previously been reported to become active already in Schwann cell precursors (Jaegle et al., 2003) . Nevertheless, all available morphological data and marker gene studies indicate that it is not before the immature Schwann cell stage that most Schwann cells lose Sox10 protein.
Sox10 is expressed at high levels during Schwann cell development. Therefore, if stable, it may take a while before cells become Sox10 negative even if the gene is already deleted in the Schwann cell precursor. Alternatively, the loxP sites in the Sox10 allele may not be easily accessible to Cre recombinase in Schwann cells or recombine with fairly low efficiency for other reasons. In fact, slow protein turnover and inefficient recombination both seem to contribute, as Sox10 protein is lost at a significantly slower pace than Sox10 transcripts, which in turn persist longer than it takes for the Rosa26 stopfloxYFP allele to recombine.
Because Schwann cells do not lose Sox10 protein before the immature stage, we cannot answer whether Sox10 is required in Schwann cell precursors to allow progression into immature Schwann cells. What we can conclude is that immature Schwann cells depend on the presence of Sox10 to develop into myelinating as well as nonmyelinating Schwann cells. As a consequence, large-and small-caliber axons remain jointly bundled in nerves from Sox10 eSC mice. In the absence of myelination and axonal sorting, fast nerve conduction is missing, and conduction in nonmyelinated fibers is grossly altered. The absence of myelinating as well as nonmyelinating that showed condensed and fragmented chromatin indicative of apoptotic cell death (Fig. 9 D, asterisk) . The fact that Schwann cells possessed only a poorly developed basal lamina, exhibited a distended endoplasmic reticulum, and, in some instances, had loosened the contact to their associated axon bundle by P32 is evidence that these cells had lost some of their typical features. To characterize the mutant Schwann cells in greater detail, we also analyzed their expression pattern by comparing transcript levels for Schwann cell markers in wildtype and mutant sciatic nerves by quantitative RT-PCR at P16. Myelin gene expression was used as a control and was indeed dramatically reduced in the mutant relative to the wild type (Fig. 10, A and B) . In contrast, c-Jun expression was strongly upregulated in the mutant (Fig. 10 C) . This was expected, as c-Jun and Sox2 are both characteristic of the immature Schwann cell stage (Jessen and Mirsky, 2005) . However, surprisingly, there was also a dramatic down-regulation of Dhh, S100-, and ErbB3, which should all be expressed in the immature Schwann cell stage (Fig. 10, D-F) . This indicates that Schwann cells had not maintained their normal expression pattern in the absence of Sox10.
Discussion
In this study, we show that Sox10 is not only required for Schwann cell specification but also at later stages for maintaining Schwann cell identity and proper lineage progression. Nodari et al., 2007; Kao et al., 2009 ). However, in Nfat1c mutants, the effect on axonal sorting is much less pronounced (Kao et al., 2009 ). In contrast, Schwann cell-specific Rac1 mutants exhibit major but not complete myelination and axonal sorting defects. In contrast to our mouse model, quite a bit of normal myelin appears in Rac1 mutants at older ages (Benninger et al., 2007) . Complete disruption of axonal sorting was observed in Schwann cell-specific 1 integrin mutants, and there is evidence that Rac1 functions downstream of 1 integrin (Feltri et al., 2002; Nodari et al., 2007) . In this respect, Schwann cell-specific 1 integrin mutants resemble our Sox10 eSC mice phenotypically. However, the underlying defect is different, as 1 integrin exerts its main influence directly on the interaction of Schwann cells with axons, whereas Sox10 rather influences cell identity and lineage progression.
Loss of Sox10 in immature Schwann cells did not negatively affect their proliferation. We even observed a slight transient increase in Schwann cell proliferation rates during the first postnatal weeks. However, this was counteracted by simultaneous mild increases in apoptosis. We conclude from these findings that Sox10 does not primarily function in immature Schwann cells as a proliferation or cell survival factor. Thus, Sox10 eSC mice are different from Schwann cell-specific Cdc42 mutants in which Schwann cell proliferation is significantly decreased (Benninger et al., 2007) .
Schwann cells may be one reason for the severity of the resulting phenotype. In contrast, defects are largely restricted to myelinating Schwann cells in the Oct6-and Krox20-null mutants (Topilko et al., 1994; Bermingham et al., 1996; Jaegle et al., 1996) as well as the various myelin gene mutants (for review see Martini, 1997) . In these mutants, axonal sorting occurs, and Schwann cells progress at least into the promyelinating stage, where they establish a 1:1 ratio with large-caliber axons and wrap one turn and a half of their plasma membrane around the axon.
However, there is also a set of mutants in which additional sorting defects occur. These include the Nfat1c, Rac1, and 1 integrin mouse mutants (Feltri et al., 2002; Benninger et al., 2007 ; . Axons in mutant and wild-type sciatic nerves looked similar. Myelin sheaths in wild-type nerves were surrounded by a complete basal lamina (black arrows in E). In contrast, in nerves of Sox10 eSC mice the basal lamina of Schwann cells was considerably thinner and often incomplete (black arrows in F). In addition, elastic fibers (white arrow in F) were frequently observed in close contact with Schwann cells of mutant nerves but were essentially absent in wild-type nerves. The perineurial sheath was dramatically thicker in wild-type nerves (bracket in G) than in mutant nerves (bracket in H). Bars: (A) 2 µm; (B) 5 µm; (C and D) 1 µm; (E-H) 500 nm. De Vries, 2007) . In Sox10 eSC mice, increased Schwann cell expression of proangiogenic factors may thus promote vasculogenesis, whereas heightened chemokine production may attract macrophages, which in turn help to recruit T lymphocytes to the mutant nerve (Martini et al., 2008) . This offers a plausible explanation for the origin of the altered cellular composition in mutant sciatic nerves.
Altered gene expression in the immature Sox10-deficient Schwann cells can also be inferred from the poorly developed basal lamina and their strong overall increase of protein synthesis in Sox10 eSC mice. At least some of this synthesis can be attributed to the production of collagen fibrils and elastincontaining fibers. Furthermore, mutant Schwann cells loosened their contact with axons and became more fibroblast-like in appearance. Our study supports the notion that Schwann cells are unable to maintain their full identity and acquire some characteristics that are normally associated with fibroblasts. However, we do not suggest that mutant Schwann cells fully transform into fibroblasts. Previous experiments have indicated that a small percentage of neural crest cells in peripheral nerves give rise to endoneurial fibroblasts, whereas the majority develops into Schwann cells (Joseph et al., 2004) . No single marker exists that identifies these endoneurial fibroblasts unequivocally. Thus, the relationship between our mutant Schwann cells and these neural crest-derived endoneurial fibroblasts remains unclear at present.
Our findings also have important implications for human pathology. Several reported SOX10 mutations cause peripheral neuropathies in the heterozygous state (Inoue et al., 2004) . Such neuropathies are not detected in mice with a single functional Sox10 allele and are likely caused by the dominant action of the mutant human SOX10 protein. Our results now show that this dominant action may not only affect the Schwann cell specification process but may also interfere with the normal function of Sox10 during further lineage progression.
Materials and methods
Construction of targeting vectors, gene targeting, generation, and genotyping of mouse mutants
To generate a conditional Sox10 allele, the ORF for rat Sox10 was placed between 5 and 3 Sox10 genomic regions as homology arms (4.3 kb and 1.5 kb, respectively) in the context of a pPNT vector backbone in such a way that the start codon of the ORF was placed exactly at the position of the endogenous ATG in exon 3 Ludwig et al., 2004; Kellerer et al., 2006) . The targeting vector thereby replaced the Sox10 coding exons by a continuous Sox10 reading frame. Additionally, a neomycin resistance cassette with flanking loxP and Flp recognition target (FRT) sites and a linked IRES-EGFP cassette were placed immediately behind the Sox10 ORF using a SalI restriction site. Finally, another loxP site was introduced into a StuI site 394 bp in front of the splice acceptor site in intron 2 in the same orientation as the ones flanking the neomycin resistance cassette (Fig. 1 A) . The construct was linearized with SspI and electroporated into embryonic day 14.1 ES cells, which were then selected with 400 µg/ml G418 and 2 µM ganciclovir. Selected ES cell clones were screened by Southern blotting as described previously (Schreiner et al., 2007) . Two targeted ES cell lines carrying the Sox10 flneo allele (Fig. 1 A) were injected into C57BL/6J blastocysts to generate chimeras. Chimeric males from two independent clones were crossed to FLPe deleter mice (Rodríguez et al., 2000) to achieve germline transmission and simultaneous FRT-mediated deletion of the neomycin resistance cassette. As a result, heterozygous mice with a Sox10 fl allele were obtained (Fig. 1 A) . Structural integrity of the Sox10 fl allele was confirmed by Southern blot experiments with a 0.6-kb 5 probe, which recognized a Sox10 rather appears to be important in immature Schwann cells for lineage progression as neither Oct6 nor Krox20 was induced in these cells in the absence of Sox10. This agrees with previous reports of a direct dependence of Krox20 expression on Sox10 (Ghislain and Charnay, 2006; Kao et al., 2009; Reiprich et al., 2010) and predicts that Oct6 expression is also dependent on Sox10, either directly or indirectly.
In addition to its requirement for lineage progression, Sox10 is also needed to maintain the identity of immature Schwann cells. In the absence of Sox10, immature Schwann cells lose expression of some of their typical markers, including S100- and Dhh. Schwann cell-derived Dhh has previously been reported to be essential for perineurial sheath formation (Parmantier et al., 1999) . Thus, its loss may explain the dramatically thinned perineurial sheath in peripheral nerves of Sox10 eSC mice. An additional reduction in ErbB3 expression may contribute to the inability of mutant immature Schwann cells to further mature. Dependency of ErbB3 expression on Sox10 has already been reported for earlier periods of Schwann cell development .
By expression profiling, we also found up-regulation of the proangiogenic factors angiopoietin 1 and vascular endothelial growth factor C, the monocyte chemoattractant Ccl8, and the macrophage chemoattractants Ccl6 and Cxcl14 in peripheral nerves of Sox10 eSC mice (unpublished data). In nerves, Cxcl14 is predominantly expressed in Schwann cells, and expression levels appear to correlate with less differentiated or pathological states (Barbaria et al., 2009) . Angiopoietin 1 and vascular endothelial growth factor C have also been detected in Schwann cells, and higher expression in neurofibromin-deficient Schwann cells was associated with increased vasculogenesis (Thomas and eSC (closed bars) mice using primers directed against Mbp (A), Mpz (B), c-Jun (C), Dhh (D), S100- (E), and ErbB3 (F). Transcript levels in each sample were normalized to Rpl8. After normalization, transcript levels in the wild type were arbitrarily set to 1, and transcript levels in Sox10 eSC mice are expressed relative to wild-type levels ± SEM. Experiments were repeated twice with material from two independent sciatic nerve preparations for each genotype. For immunohistochemistry, the following primary antibodies were used in various combinations: anti-Sox10 guinea pig antiserum (1:1,000; Maka et al., 2005) , anti-Oct6 rabbit antiserum (1:2,000; Friedrich et al., 2005) , anti-Krox20 rabbit antiserum (1:200; Covance), anti-Sox2 rabbit antiserum (1:500), anti-Ki67 rabbit antiserum (1:500; Thermo Fisher Scientific), anti-CD3 rabbit antiserum (1:500; Abcam), anti-GFP rabbit antiserum (1:500; Invitrogen), anti-Iba1 rabbit antiserum (1:250; Wako Chemicals USA, Inc.) antidesmin rabbit antiserum (1:1,000; Abcam), anti-von Willebrand factor rabbit antiserum (1:800; Abcam), and anti-PECAM rat antiserum (1:200; BD). Secondary antibodies conjugated to Cy2, Cy3, or Alexa Fluor 488 immunofluorescent dyes (Dianova) were used for detection. Micrographs were taken from a microscope (DM-IRB; Leica) equipped with 10× NA 0.3 or 20× NA 0.5 HC PL Fluotar objectives at room temperature in air as imaging medium using a charge-coupled device camera (SPOT model 1.3.0; Diagnostic Instruments, Inc.) and IP Laboratory (Scanalytics) as acquisition software. All images were processed using Photoshop CS2 (Adobe).
Histology and electron microscopic analysis Mice were anaesthetized and perfused transcardially using 0.9% NaCl solution followed by 1% glutaraldehyde and 2.5% paraformaldehyde in 0.1 M Na cacodylate buffer, pH 7.5. Sciatic nerves were dissected and underwent overnight fixation at 4°C in cacodylate-buffered fixative containing 2.5% paraformaldehyde and 2.5% glutaraldehyde. After extensive washing in 0.1 M Na cacodylate, pH 7.3, tissues were postfixed in cacodylate-buffered 1% osmium ferrocyanide for 2 h, dehydrated in an ascending ethanol series, and embedded in Epon resin. For light microscopy, semithin sections (1-µm thickness) were stained with PPD (Estable-Puig et al., 1965) . Micrographs were taken from a microscope (DMR; Leica) equipped with a 40× NA 0.75 HCX PL Fluotar objective at room temperature in air as imaging medium using a camera (AxioCam MRc; Carl Zeiss, Inc.) and Axio Vision as acquisition software. For electron microscopy, ultrathin sections (50-nm thickness) were stained with uranyl acetate and lead citrate and examined with an electron microscope (Libra; Carl Zeiss, Inc.; Friedrich et al., 2005 
